Introduction
A small satellite (MicroLab 1) carrying a global positioning system (GPS) receiver, modified to sound the atmosphere, was launched on 3 April 1995. This instrument is the centerpiece of a proof-of-concept experiment to demonstrate the feasibility of sensing the terrestrial atmosphere by the GPS limb-sounding method (Fjeldbo et al. 1971; Melbourne et al. 1994) . Ware et al. (1996) reviewed the theory and history of this experiment and presented preliminary results obtained from this GPS meteorology (GPS/MET) experiment. They compared 11 representative temperature profiles derived from the GPS/MET refractivity (assuming a dry atmosphere) with nearby radiosondes and operational global analyses. They concluded that accurate vertical temperature profiles may be obtained using the GPS limb-sounding technique from approximately 40 km to about 5-7 km in altitude above which moisture effects are negligible. The GPS/MET-derived temperatures typically agree with other independent data sources within 1°C. Kursinski et al. (1996) provided a statistical comparison of about 100 GPS/MET temperature profiles with operational temperature analyses between 10 and 25 km and found similar results. These estimates of instrument performance have been confirmed for an expanded altitude range of 4-40 km by later work in which the statistics of comparisons of ~1200 soundings with correlative data have been computed (Rocken et al. 1997) .
About 62 000 GPS/MET soundings have been obtained since April 1995. Recently, Leroy (1997) 
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spring and summer periods. He found that the rms differences in geopotential heights over data-rich regions are about 20 m throughout the upper troposphere and lower stratosphere. However, he found that the difference is considerably larger over the southeastern Pacific where there are few conventional data. These results indicate that GPS/MET soundings are of reasonably good quality and could be valuable additions to global analysis and prediction. Zou et al. (1995) and Kuo et al. (1997) performed observing system simulation experiments to show that the GPS/MET refractivity data can be assimilated into weather prediction models to improve their forecast accuracy.
Although statistical evaluations of GPS/MET soundings are useful and the results so far are encouraging, a detailed evaluation of GPS/MET under specific cases of meteorological interest has not been reported in the literature. An evaluation of the accuracy of GPS/MET sounding in a specific region of interest is difficult for several reasons. 1) The number of GPS/MET soundings based on this proof-of-concept satellite (MicroLab 1) is limited (typically fewer than 150 soundings per day). 2) The GPS/MET soundings generally occur at asynoptic times and at places where there are few or no radiosondes. 3) Global analyses, due to their limited horizontal and vertical resolution, may not provide a proper description of the atmospheric temperature structure to serve as the basis for detailed assessment of the accuracy of the high vertical-resolution GPS/MET soundings. As a result, the potential value of GPS/MET in describing significant meteorological phenomena, such as intense upper-level fronts, has yet to be demonstrated.
On 22 October 1995, a GPS/MET occultation took place over northeastern China at 0054 UTC where a dense radiosonde network is available (station separation of approximately 250 km). The derived GPS/MET temperature profile shows a sharp temperature inversion in the upper troposphere, which is characteristic of a sounding taken through an upper-level front. The purpose of this paper is to perform an analysis of the upper-level front and to provide a careful comparison of the GPS/MET sounding with nearby radiosondes to assess its accuracy. Figure 1 shows the location of the GPS/MET occultation of interest. The retrieval begins at an altitude of 59.8 km and ends at ~2.0 km. The beginning location of the perigee point of this setting occultation is 36.29°N, 118.93°E, and the ending position is 35.24°N, 119.17°E. The azimuth angle of the ray path relative to the 36°N parallel is about 135° (see the heavy dashed line in Fig. 1 ). The distance between the beginning and ending perigee points is approximately 100 km. This distance is comparable to the typical balloon drift associated with a radiosonde as it ascends from the surface to the upper troposphere. There are several radiosonde stations located in the vicinity of the GPS/MET occultation. These stations are separated by 200-300 km, which is ideal for a close comparison with the GPS/MET sounding.
The GPS/MET sounding
As shown in Thayer (1974) , the relationship between refractivity, temperature, and water vapor pressure is 
where N is refractivity (dimensionless), P is pressure (in mb), e is vapor pressure (in mb), and T is temperature (K). Refractivity profiles can be calculated using the temperature and moisture profiles in a global objective analysis or a radiosonde sounding. tal Prediction (NCEP) global analysis and a sounding (with significant level data included) from the Qingdao radiosonde station (see Fig. 1 ), which is located about 150 km to the east of the GPS/MET sounding. The GPS/MET refractivity profile is derived with the assumption of spherical symmetry following the methods described, for example, in Gorbunov et al. (1996a) and Gorbunov et al. (1996b) . The results indicate that the three profiles follow each other closely above 7 km, except for small differences in the layer between 9 and 11 km. The GPS/MET profile displays an inflection (a "kink") at ~9.2 km (which corresponds to a frontal temperature inversion at ~310 mb). The Qingdao refractivity profile displays a similar inflection in the frontal inversion layer from 9 to 11 km. Below 7 km, these two profiles begin to show systematic differences, with GPS/MET having lower refractivity values than the Qingdao sounding. The GPS/MET refractivity is also lower than the NCEP profile below 7 km. This difference could be real or it could suggest a negative bias in the derived GPS/MET refractivity profile in the middle and lower troposphere as discussed in Rocken et al. (1997) . In the statistical comparison of 1200 GPS/MET soundings, Rocken et al. showed that the negative refractivity (N) bias in some soundings starts at about 6 km. Based on discussions with Jet Propulsion Laboratory Engineers (T. Meehan 1998, personal communication), we believe that this bias is related to the signal SNR (signal-to-noise ratio) checking that is performed by the receiver tracking firmware in this proof-of-concept experiment rather than a fundamental property of the radio occultation method. With improved tracking firmware and antenna gain, it is likely that this bias can be removed in future experiments.
The NCEP refractivity profile is very smooth throughout the troposphere and closely matches the Qingdao profile from the upper troposphere to an elevation of 4 km. The only notable exception is near the frontal inversion. The inset of Fig. 2 shows that both the Qingdao and the GPS/MET profiles display a "kink" (although at a slightly different elevation), which is missing in the NCEP profile. This can be attributed to the limited vertical resolution of the NCEP analysis.
For some meteorological applications, it is of interest to derive temperature and moisture information from the GPS/MET refractivity profile. With pressure related to T and e through the hydrostatic equation, given an observation of N, there are two unknowns (temperature and water vapor pressure) in Eq. (1). To derive temperature (water vapor pressure) from refractivity, one needs independent estimates of water vapor pressure (temperature). Temperature can be derived from known values of refractivity and water vapor pressure as 
Since P is a function of T and e, iterative techniques can be applied to solve explicitly for either T or e (Gorbunov et al. 1996b ). The so-called dry GPS/MET retrieval solves (2) for T assuming a dry atmosphere (e = 0) and the resulting temperature is referred to as dry temperature. Dry temperature is a good approximation to the actual temperature at altitudes where the water vapor pressure is low (i.e., less than 0.1 mb). When significant amounts of water vapor are present, the dry temperature is significantly lower than the actual temperature.
FIG. 2. Vertical profiles of refractivity for GPS/MET (solid line)
, NCEP global analysis interpolated to the GPS/MET sounding site (long dashed line), and Qingdao radiosonde (short dashed line) from surface to 15 km at 0000 UTC 22 October 1995. Ware et al. (1996) estimated the impact of errors or uncertainties in water vapor pressure and temperature in Eqs. (2) and (3) and concluded that it is more difficult to derive useful temperatures given independent estimates of water vapor pressure than the other way around. To obtain temperature estimates to within 1°C, the water vapor pressure must be known to at least 0.23 mb. In contrast, the water vapor pressure can be estimated to within 0.5 mb if temperature is known to within 2°C. Figure 3 presents the retrieved GPS/MET dry temperature sounding and the corresponding actual temperature from the 28-level (28-L) NCEP/NCAR reanalysis (Kalnay et al. 1996 ; hereafter referred to as NCEP analysis) and the 31-L ECMWF global analysis (provided by D. Barridge) interpolated to the GPS/MET sounding site. A striking feature associated with the GPS/MET sounding is the sharp inversion at about 310 mb (~9.2 km). The temperature in the inversion varies from -39.1°C at 312 mb to -33.8°C at 303.3 mb. Within a short interval of 10 mb, the temperature increases by more than 5°C. This is followed by a stable layer up to ~250 mb. Another stable layer extends from the base of the frontal inversion downward to about 425 mb (~7 km). Below 425 mb, the GPS/MET sounding exhibits a superadiabatic lapse rate. The super-adiabatic lapse rate is not realistic and is attributed to the negative N bias (as discussed earlier and shown below 7 km in Fig. 2) . Equation (2) shows that a negative N bias will result in a warm temperature bias.
The corresponding NCEP sounding interpolated to the GPS/MET occultation site shows an increased static stability between 315 and 250 mb, while the ECMWF analysis shows an isothermal layer between 305 and 240 mb. However, neither analysis captured the temperature inversion. Since the NCEP and ECMWF analyses have limited vertical resolution, they cannot resolve the sharp inversion in the GPS/ MET sounding. The analysis/data assimilation procedures in which all observations in the vicinity of a point and the model forecast itself influence the final analysis may also introduce a smoothing effect in regions of strong horizontal and vertical gradients. A comparison between the NCEP and ECMWF soundings with the retrieved GPS/MET temperature indicates that the NCEP and ECMWF soundings are much cooler (warmer) than the GPS/MET sounding above (below) the inversion. We note that both the NCEP and ECMWF soundings compare reasonably well with the GPS/MET sounding outside the layer of the frontal inversion. This comparison illustrates the difficulty of using global analyses that have limited mesoscale detail for verifying GPS/MET-retrieved temperatures; the global analyses differ by 3°-5°C from the GPS/MET sounding immediately below and above the inversion.
Mesoscale analysis
The sharp temperature inversion shown in the GPS/MET sounding is characteristic of an intense upper-level front or a tropopause fold (Reed and Sanders 1953; Shapiro and Keyser 1990) . Indeed, the 300-mb synoptic-scale temperature analysis at 0000 UTC 22 October (Fig. 4) shows a broad baroclinic zone between 30° and 40°N, which extends several thousand kilometers. A strong upper-level jet is colocated with the baroclinic zone. The isotherms are packed in the vicinity of the GPS/MET sounding (shown as a large solid dot), indicating the presence of an intense upper-level front.
To gain further insight on the GPS/MET sounding structure, we performed a mesoscale temperature analysis on constant pressure surfaces based only on the radiosonde data at this time. The radiosonde tem- peratures near the GPS/MET occultation, as well as the dry GPS/MET temperature, are also plotted. The 500-mb analysis (Fig. 5a) shows that a baroclinic zone with a moderate temperature gradient is located over northeastern China. A close comparison with the subjective temperature analysis indicates that the GPS/MET temperature of −9.5°C is slightly warmer than the analysis interpolated to the GPS/ MET sounding site (−11°C). As shown in Fig. 3 , this warm temperature bias is related to the unrealistic superadiabatic lapse rate, which may be related to a negative bias in the GPS/MET refractivity profile.
At 300 mb, the temperature gradient is extremely large over the east China coast (Fig. 5b) . The GPS/MET occultation is located in the middle of this intense frontal zone, where temperature changes more than 10°C within a distance of 250 km. The GPS/MET temperature interpolated to 300 mb is −33.1°C, which is about 6°C warmer than the subjective analysis interpolated to the sounding site (−39°C). This large temperature difference results from a slight difference in the elevation of the temperature inversion. The GPS/MET temperature (− 39.1°C) at 312 mb compares quite well with the subjective temperature analysis at 300 mb. In other words, if we would raise the base of the inversion in the GPS/ MET sounding from 310 to 300 mb, GPS/MET and the subjectively analyzed temperature would be in near-perfect agreement. Based on the comparison of 1200 soundings with NCEP global analysis (Rocken et al. 1997) , GPS/MET pressure measurements at an altitude of 9 km agree with NCEP analysis to better than 0.5 mb on average with a standard deviation of less than 3 mb or 1%. Statistical temperature comparison at that altitude is better than 0.5°C on average with a standard deviation of about 2°C. Thus, the GPS/MET sounding should not be in error by 10 mb or 6°C. One has to remember, however, that the sounding studied here traverses an intense upper-level front, which clearly violates the key assumption of localized spherical symmetry of the atmosphere, which is used in the derivation of GPS/MET refractivity profile. Therefore a slightly larger error than the 3 mb/2°C standard deviation has to be expected for the sounding examined in this paper. Furthermore, we analyzed this sounding with the processing parameters set identically to those used for the statistical study (Rocken et al. 1997 ). It may be desirable to use slightly different processing parameters (such as data filtering) for soundings that traverse fronts. It is important to point out that the error due to the localized spherical symmetry is not a problem when bending angles are assimilated into the model rather than profiles of N, P, T, or e. Here we merely show that the information about the front is in the GPS/MET data-this information will be, in the future, assimilated in the form of bending angles and thus not affected by the assumption that may give rise to the relatively large discrepancy at 300 mb in the comparison discussed here. Finally, we should also recognize that there are errors in the radiosonde observations and the subjective analysis. A perfect agreement between the two data types should not be expected. The significant variation of temperatures between the radiosonde measurements and the rapid change of the GPS/MET temperature over a short vertical distance (see Fig. 3 ) illustrates the difficulty in comparing the retrieved GPS/MET soundings with individual radiosonde measurements in the vicinity of an intense frontal zone.
The upper-level frontal zone slopes upward to the north with height. At 250 mb, the strong baroclinic zone (coinciding with the upper-level jet stream) is established between 36° and 40°N (Fig. 5c) . Over eastern China, the upper-level front is located considerably farther to the north of its 300-mb position, and the GPS/MET sounding is now located on the southern edge of the frontal zone. The GPS/MET temperature of −35.9°C compares well with the Qingdao radiosonde of −36.5°C and the subjective analysis of −37°C.
The horizontal temperature gradients are weaker at 100 mb (Fig. 5d) . In fact, the north-south temperature gradient is reversed, with warm air to the north and cold air to the south, indicating that this is a level above the tropopause. The GPS/MET temperature of −72.4°C is colder than the subjective analysis of −70°C. The lowest radiosonde temperature nearby is −71.1°C at Xuzhou. With increased balloon drift with height, there are greater uncertainties in the radiosonde measurements, and near the tropopause there can be larger differences in temperature over short distances. Figure 6 presents subjectively analyzed vertical cross sections of potential temperature, temperature, and the zonal component of the wind along 120°E, extending from 20° to 50°N, based on 14 balloon soundings. Soundings used in the construction of these cross sections are marked as small solid dots in Fig. 4 . These cross sections are perpendicular to the upper-level front and encompass the GPS/MET sounding. The potential temperature field (Fig. 6a) clearly shows the enhanced static stability (large potential temperature gradient) associated with the upper-level front and the tropopause fold. The upper-level front extends from the tropopause level (~200 mb) at 45°N to approximately 500 mb (~5 km) at 30°N. The GPS/MET sounding is located near the center of this cross section. The exact location of the perigee point at each level is marked (with a "+" sign) on the figure, which tilts slightly northward with height. The GPS/MET-derived temperatures and potential temperatures are plotted at 1-km resolution on the cross sections for a comparison with the analysis based only on the radiosonde data. Figures 6a and  6b show that the dry GPS/MET potential temperatures and actual temperatures compare favorably with the subjective analyses through the intense frontal zone and in the upper and middle troposphere.
The vertical temperature cross section (Fig. 6b) shows that the frontal temperature inversion (similar to that seen in the retrieved GPS/MET temperature profile) was captured by the radiosonde measurements from 35° to 50°N and that the front sloped upward to the north with height. This shows that the temperature inversion observed by the GPS/MET occultation is a robust feature of this intense upper-level frontal zone. The zonal wind component (Fig. 6c ) reveals a sharp wind shear through the frontal zone with the jet core located at about 180 mb and 39°N. The strong vertical wind shear is a characteristic feature of an intense upper-level front. The wind field analysis lends support to the analyzed structure of the upper-level front as reflected in the potential temperature and actual temperature analyses.
To provide a careful verification of the GPS/MET temperature, we enlarge the middle portion of Fig. 6b (see dashed box) and present a mesoscale analysis of the upper-level front in Fig. 6d with temperature ob- servations from the radiosonde and GPS/MET soundings plotted. The mesoscale temperature analysis is performed without taking into consideration the GPS/MET sounding. A close inspection of the figure shows that the GPS/MET temperature fits quite well with the subjective frontal analysis, particularly over the frontal zone. Below 425 mb, larger discrepancy can be found, which is related to the negative N bias.
Comparison with radiosondes
One way of assessing the accuracy of GPS/MET soundings is to compare the GPS/MET data with nearby radiosonde data, either on an individual basis radiosondes. In interpreting the differences between GPS/MET soundings and radiosondes, it is important to consider the large real temperature variations as- sounding (Fig. 1) , approximately parallel to the front, and hence is well suited for comparison with the retrieved GPS/MET temperature sounding. The two soundings match closely from 250 to 100 mb, with temperatures differing by no more than 1° or 2°C. Most importantly, the Qingdao sounding shows a sharp inversion at 300 mb (about 10 mb higher than that in the GPS/MET sounding), with its strength nearly identical to that of the retrieved GPS/MET temperature sounding. The only exception is at 300 mb, where the Qingdao sounding is about 6°C colder than the GPS/MET temperature due to differences in the elevation of the inversion base. The GPS/MET sounding also closely matches the Qingdao sounding between 310 and 400 mb. The close agreement between these two soundings supports the accuracy of the GPS/MET radio occultation in capturing the sharp inversion associated with the upper-level front.
To illustrate the large differences between the GPS/MET sounding and nearby radiosondes in regions of strong temperature gradients, we compare the GPS/MET sounding with the radiosonde soundings at Jinan, Beijing, and Sheyang. The station Jinan (54823), which is located approximately 220 km to the northwest of the GPS/MET sounding site, also shows an inversion associated with the upper-level front (Fig. 7b) . However, the base of the inversion is located at 280 mb, which is higher than that in the GPS/MET or the Qingdao sounding, and it has a weaker intensity. A close comparison between Jinan and the GPS/MET soundings shows that the temperatures differ by ~10°C at 150 mb and more than 10°C at 280 mb. These relatively large differences are not due primarily to errors in either the radiosonde or the GPS/MET soundings, but rather are due to the difference in locations between the two soundings relative to the intense frontal zone.
The Beijing (54511) sounding (Fig. 7c) , located approximately 500 km to the northwest of the GPS/MET sounding site, shows an extremely sharp inversion with base at 260 mb. The strength of the temperature inversion found in the Qingdao and Beijing soundings is approximately the same as that of the GPS/MET sounding. When we directly compare the Beijing sounding with the GPS/MET sounding, a temperature difference of more than 15°C is found at 260 mb. This large difference is caused by the difference in the vertical position of the inversion due to the fact that the upper-level front slopes upward to the north with height.
Sheyang (58150) is located about 250 km to the southeast of the GPS/MET sounding site (Fig. 1) , at the southern edge of the upper-level front at 300 mb (Fig. 5b) . The Sheyang sounding (Fig. 7d) shows a near-isothermal layer between 325 and 360 mb, and it is warmer than the GPS/MET sounding by more than 10°C between 300 and 400 mb. Although this sounding is not very far away from the GPS/MET site, it does not possess the sharp temperature inversion found in the GPS/MET sounding and the Qingdao sounding. The close similarity between GPS/MET and Qingdao soundings lies in the fact that these two stations are located at a similar position relative to the upper-level front. In contrast, the Sheyang station, though not very far away from the GPS/MET site, is located near the edge of the frontal zone and possesses very different sounding characteristics.
The significant horizontal and vertical temperature variations as shown in these soundings illustrate the limitations of comparing the retrieved GPS/MET sounding with nearby balloon observations in regions of strong temperature gradients. The results also show that we need to take into consideration the positions of soundings relative to the front when making a comparison. A radiosonde sounding that is quite close to the GPS/MET sounding, but located in the general direction of the temperature gradient, may show a temperature difference from 5° to 15°C due solely to the real temperature variation associated with an intense front.
In the statistical comparisons presented by Rocken et al. (1997) , GPS/MET soundings are compared with all radiosondes that are within 4° of latitude and longitude and 6 h in time of the GPS/MET soundings. All of the radiosondes discussed above meet these criteria and thus would be included in the statistical comparisons. As discussed above, several of the radiosondes show large differences in the layer 400 and 100 mb from the GPS/MET sounding. These differences, due mainly to differences in position of the sounding relative to the front, would contribute to larger rms differences in the statistics. Thus, a significant portion of the rms differences in the statistics may be caused by real atmospheric variability on a spatial scale of ~500 km and temporal scales of 6 h, in addition to errors in the radiosonde and GPS/MET data.
Summary and discussion
On 22 October 1995, a GPS/MET occultation took place through an intense upper-level front over northeastern China. The occultation occurred at 0054 UTC, less than one hour after the routine upper-air observa-tion time and within a region of dense radiosonde data. The retrieved GPS/MET sounding shows an inflection in the refractivity profile and an extremely sharp temperature inversion with temperature increases by more than 5°C within a thin layer of 10 mb.
The sharp temperature inversion found in the retrieved GPS/MET temperature sounding was confirmed by the balloon sounding at Qingdao station, which was located 150 km to the east of the GPS/MET sounding site in a direction parallel to the front. The sharp temperature inversion of a similar magnitude was also found in several other radiosonde measurements in its vicinity, although the base of the frontal inversion varied depending on the location of the sounding relative to the front. These results indicate that the GPS/MET sounding faithfully described the sharp temperature gradient associated with the intense upper-level front. With a vertical resolution superior to that of soundings derived from passive microwave measurements, GPS/MET soundings have the potential for observing important weather systems near the tropopause (such as the upper-level front) over datavoid regions on a global basis.
The NCEP and ECMWF global analyses, with their limited vertical resolution, do not capture the mesoscale temperature variations associated with the upper-level front, even in a region where dense radiosonde observations are available (the station separation is approximately 250 km over northeastern China). As a result, the NCEP and ECMWF temperatures differ from the GPS/MET sounding by 3°-5°C below and above the frontal inversion. This illustrates the problem of synoptic-scale global analyses in resolving mesoscale weather systems such as upperlevel fronts. Our study also points out the limitations of statistical evaluation of the accuracy of GPS/MET soundings using global analyses because the global analyses may not contain real mesoscale features resolved by the GPS/MET sounding.
